Lattice QCD and other theoretical models predict that the 0 −+ , 2 ++ and 2 −+ glueballs have masses in the range of 2.0 to 2.4 GeV. For resonances in such an energy range, threebody decay modes are expected to be large. The strategy for looking for these glueballs and the newest results from studying Crystal Barrel data on the three-body annihilation ofpp in flight are presented.
Lattice QCD and other theoretical models predict that the 0 −+ , 2 ++ and 2 −+ glueballs have masses in the range of 2.0 to 2.4 GeV. For resonances in such an energy range, threebody decay modes are expected to be large. The strategy for looking for these glueballs and the newest results from studying Crystal Barrel data on the three-body annihilation ofpp in flight are presented.
STRATEGY FOR GLUEBALL HUNTING IN pp ANNIHILATION
Proton-antiproton annihilation is regarded as a favorable process for glueball production. For pp annihilation, there are two possible ways to produce glueballs as shown in Fig.1 (a&b), which are so called "production" and "formation" mechanisms, respectively. For the 0 ++ glueball ground state, lattice QCD predicts its mass to be 1.45 ∼ 1.8GeV /c 2 [1] . For a glueball in such a mass range to be produced from pp annihilation, it can only come from the "production" mechanism. Indeed, by studying pp → 3π 0 & π 0 ηη, Crystal Barrel Collaboration [2] discovered the f 0 (1500) resonance which is now regarded as the best 0 ++ glueball candidate [3] . There is also some new evidence for f 0 (1770) [4] . If the f 0 (1500) is really a glueball, it sets a mass scale for glueballs of other quantum numbers. The 0 −+ , 2 ++ and 2 −+ glueballs are predicted to be around 2.1 ∼ 2.4 GeV by various theoretical models [1, 5, 6] . For resonances in such an energy range, they should be mainly produced from the "formation" mechanism and three-body decay modes are expected to be large. Crystal Barrel has taken a lot of data for all neutral final states in flight. Then the question is which three body channels we should study first. Here we can take some lessons from charmonium decays. For η c (0 −+ ), χ c0 (0 ++ ), χ c2 (2 ++ ) hadronic decays and J/Ψ radiative decays, they definitively go through two-gluon intermediate states. The η, η ′ , σ and f 0 (1500) seem to be favoured decay products of two-gluon states [7, 8] . The ησ, η ′ σ and ηf 0 (1500) are expected to be large decay modes of 0 −+ glueballs while the ηf 2 and η ′ f 2 are expected to be large for 2 −+ and 2 ++ glueball decays. These decay modes have π 0 π 0 η, π 0 π 0 η ′ and 3η as their final states. Hence our strategy for hunting 0 −+ , 2 ++ and 2 −+ glueballs is to study resonances formed by pp and decaying into π 0 π 0 η, π 0 π 0 η ′ and 3η final states first.
STATUS OF THREE-BODY ANNIHILATION IN-FLIGHT
Crystal Barrel at LEAR has collected data triggering on neutral final states at beam momenta 0.6, 0.9, 1.05, 1.2, 1.35, 1.525, 1.642, 1.8 and 1.94 GeV/c, which correspond to center-of-mass energies ranging from 1.96 to 2.41 GeV /c
2 . An average of 8.5 million all neutral events were taken at each momentum.
These data have been processed. Rough number of selected events at each beam momentum and background level for reconstructed three-body channels from 6γ and 7γ events are listed in Table 1 . Among them, the background level for the π 0 π 0 ω channel has not been investigated yet; the background level for π 0 π 0 η ′ is too high to do partial wave analysis. So we have been analyzing the first four channels. Table 1 Rough number of selected events at each beam momentum and background level for reconstructed three-body channels from 6γ and 7γ events. channel Number of Events background level
For π 0 π 0 π 0 channel, the most obvious contributions come from f 2 (1270)η and f 0 (1500)η intermediate states. The partial wave analysis is in progress.
For π 0 ηη channel, the statistics is not enough for a full partial analysis including both production and formation amplitudes. Some effective formalism was used to concentrate on searching for resonances in the production mechanism [4] . The main results are: f 0 (1500) → ηη is clearly seen; f 0 (1750 ∼ 1800), f 0 (2100) and a 2 (1660) are confirmed; in addition there is a broad f 2 (1980) → ηη with mass M = 1980 ± 50 MeV and width Γ = 500 ± 100 MeV.
For ηηη channel, the statistics is low. But we can still learn something. In Fig.2 , we show the real data and some Monte Carlo Dalitz plots forpp → ηηη at 1.8 GeV/c. From the real data Dalitz plot in Fig.2 , the f 0 (1500) is obviously there. For the beam momentum of 1.8 GeV/c, the orbital angular momentum between f 0 (1500) and η is expected to be ≤ 2, which corresponds to the initial states of 0 The only channel which is favourable for hunting 0 −+ , 2 ++ and 2 −+ glueballs and has enough statistics for a full amplitude partial wave analysis is the π 0 π 0 η channel. Its cross section is shown in Fig.4 . There are clear enhancements at around 2.05 and 2.3 GeV. Note that for a constant amplitude the cross section should decrease steadily as the energy increases.
For the π 0 π 0 η channel, projections on to M(ππ) and M(πη) at 900, 1200, 1525 and 1800 MeV/c are shown in Fig.5 . The f 2 (1270), a 0 (980) and a 2 (1320) are clearly visible. The f 0 (980) and f 0 (1500) are visible on the M(ππ) projection, but rather weak. As beam momentum increases, the f 2 (1270) peak becomes stronger while the a 2 (1320) peak gets weaker; this is a natural reflection of the rapidly opening phase space for f 2 (1270)η, whose threshold is at a mass of 1820 MeV.
Based on these data, a full amplitude analysis describing both production and decay of these resonances is carried out for each momentum [9] . ++ are expected to be significant [10] and this has been confirmed in our analysis; 4 −+ has been tried, but is not significant. Their correspondingpp total angular momentum J, orbital angular momentum L and total spin angular momentum S in the usual contracted form 2S+1 L J are:
AMPLITUDE ANALYSIS OFpp
1 S 0 for 0 the squared modulus of the total transition amplitude is the following [11] :
where M is the spin projection on the z-axis. Partial wave amplitudes A J P C are constructed from relativistic Lorentz covariant tensors, Breit-Wigner functions and BlattWeisskopf barrier factors [12, 13] . The barrier factors use a radius of 1 fm. The f 2 (1270)η, a 2 (1320)π, a 0 (980)π, ση, f 0 (980)η and f 0 (1500)η intermediate states are considered. The f 0 (980) is fitted with a Flatté formula using parameters determined previously [14] . The σ is fitted with the parameterization A of Ref. [14] . Other resonances are fitted with simple Breit-Wigner amplitudes using constant widths. Full formulae and additional details will be given in Ref. [9] . Based on these formulae, the data at each momentum are fitted by the maximum likelihood method. The fit is shown in Fig.5 for the mass spectra for beam momenta at 900, 1200, 1525 and 1800 MeV/c. The quality of the fit for other beam momenta is similar. The fit to projections is obviously not perfect. These may be due to additional components such as a 0 (1450)π, a 2 (1660)π and evenρ(1405)π intermediate states. An angular momentum decomposition of this small effect is not possible, but fits including such states produce little effect on the dominant components. Since we are mainly interested in scanning the larger components from f 2 (1270)η, ση, a 2 π and a 0 (980)π intermediate states, we ignore those smaller contributions for the present study.
The data points with error bars shown in Fig.6 are our fitted results for the partial wave cross sections at each momentum forpp → π 0 π 0 η with η → γγ. Only those partial waves with significant contributions are presented. There are rich peak and dip structures.
For 4 ++ , a peak around 2100 MeV is clear for all 4 ++ partial waves. It is fitted by a Breit-Wigner amplitude with the mass and width fixed to the PDG values for the well established 4 + resonance f 4 (2050) [7] . The shift of the peak position is due to the centrifugal barrier factors for both initial and final states. It appears in f 2 η and a 2 π with comparable strength. In addition to the f 4 (2050), there is clearly another 4 ++ peak around 2320 MeV in 4 + → f 2 η in the M=1 partial wave. This may be identified with the f 4 (2300) listed in the Particle Data Tables [7] .
A 4 ++ resonance around this mass has also been observed be VES in ηπ + π − in the πA reaction [15] .
For 2 ++ , two peaks around 2020 MeV and 2350 MeV have masses and widths compatible with f 2 (2010) and f 2 (2340) listed by the PDG [7] as established particles. In addition, a peak around 2230 MeV shows up clearly in the f 2 η mode. It has a mass compatible with ξ(2230) observed in J/Ψ radiative decays [7, 16] , but has a larger width of ∼ 150 MeV.
For 2 −+ and 3 ++ , both have two peaks around 2050 and 2300 MeV. No corresponding entries exist for them as yet in the Particle Data Tables [7] . For 1 ++ , there is a strong enhancement at the low energy end, decaying dominantly into a 2 π.
For 0 −+ , there seems to be a broad component plus a peak in ησ at ∼ 2140 MeV with width ∼ 150 MeV. The broad component may correspond to the broad 0 −+ object used in describing J/Ψ radiative decays to ρρ, ωω, K * K * , φφ and ηππ [17] . The peak at 2140 MeV decays dominantly into ση. Table 2 Summary of fitted masses, widths and branching ratios corrected for their unseen decay modes. The mass and width of f 4 (2050) are fixed at PDG values, and the status of the 0 − state at 2140 MeV is questionable, as discussed in the text. The f 1 (1700) is beyond the accessible mass range. All states have I = 0, G = +1. Using interfering sums of the Breit-Wigner amplitudes to fit the partial wave cross sections in Fig.6 as well as relative phases between different partial waves, we obtain the masses, widths and branching ratios shown in Table 2 . The corresponding Argand plots for all partial waves are shown in Fig.7 . Besides the obvious resonances mentioned in previous paragraphs, we need another 1 ++ resonance at about 2340 MeV with width ∼ 270 MeV. Without it, we cannot describe the relative phase between 1 ++ and 4 ++ partial waves; also we would need the lower 1 ++ resonance to be very narrow (< 50 MeV) in order to explain the sharp increase in the 1 ++ partial wave cross section at low mass. In our present fit with two 1 ++ resonances, the f 1 (2340) amplitude interferes destructively with the tail of the lower 1 ++ resonance and causes the sharply decreasing cross section with a broad dip around 2340 MeV. The phase motion caused by this f 1 (2340) can be seen clearly in the Argand plot for the 1 ++ → a 2 π partial wave in Fig.7 . In Table 2 , the branching ratios are calculated at the resonance masses and are corrected for their unseen decay modes, except for a 0 (980) where Γ a 0 π = Γ a 0 π→ηππ . Among these resonances, the η(2140) and f 2 (2240) look special. Both have relative narrow decay width. The η(2140) decays dominantly into ησ; the f 2 (2240) has the largest f 2 η/a 2 π ratio. These properties suggest that they may have larger mixing of glue components than other resonances.
SUMMARY AND OUTLOOK
In summary, from a full amplitude analysis ofpp → π 0 π 0 η in-flight, we have observed a new decay mode ηππ for three established resonances f 4 (2050), f 2 (2010) and f 2 (2340).
In addition, we have observed 8 new or poorly established resonances in the energy range from 1960 to 2410 MeV, i.e., f 4 (2320), f 3 (2000), f 3 (2280), f 2 (2240), f 1 (2340), η(2140), η 2 (2040) and η 2 (2300). Among them, the 0 −+ η(2150) has very large decay branching ratio to ησ; 2 ++ f 2 (2230) has the largest f 2 η/a 2 π ratio; both have relative narrow total decay width. These properties suggest that they may have larger glueball components.
For a further study of the η(2140) and f 2 (2240), we are going to reconstruct π 0 π 0 η ′ channel from 10γ events, where we expect less contamination from other channels. The main purpose here is to scan the f 2 η ′ and ση ′ modes which are also expected to be favourable decay modes of gluballs.
We are also going to scan f 2 π 0 from π 0 π 0 π 0 final state to study isovectorstates and scan f 2 ω from π 0 π 0 ω final state to study isoscalarstates. Both π 0 π 0 π 0 and π 0 π 0 ω channels have enough statistics for a full amplitude partial wave analysis and have f 2 band as their most obvious contribution in their Dalitz plots.
From these analyses of three-body annihilation in-flight, combined with information from two-body annihilations, we hope to establish the 2.0 ∼ 2.4GeV /c 2 meson spectroscopy which is crucial for identifying gluballs and understanding quark confinement.
